Murine gammaherpesvirus 68 (MHV-68) is a relatively recently discovered pathogen of wild rodents and provides a unique opportunity to explore in detail the interactions of a gammaherpesvirus with its natural host. It may also provide a much needed small animal model for human gammaherpesviruses. As a step in the detailed analysis of virus gene structure and expression we have sequenced over 20 kb of the MHV-68 genome and mapped gene transcripts by Northern blot hybridization. The region we chose to analyse contains several conserved gene blocks as well as some less well conserved genes and allowed us to estimate the relationship of this virus to other herpesvirus family members. Of particular interest is the fact that none
Introduction
Murine gammaherpesvirus 68 (MHV-68), initially isolated (Blas) kovic) et al., 1980) from the bank vole (Clethrionomys glareolus), is the first naturally occurring pathogen of rodents to be classified as a gammaherpesvirus. When administered via the intranasal route the virus productively infects alveolar epithelium. The virus is cleared from this site after 7 days and spreads to the B-lymphoid compartment, predominantly the spleen which appears to be the major site of virus persistence with latently infected cells being present for the life of the animal (Sunil-Chandra et al., 1992 a, b) . During experimental infection of mice, lymphoproliferative responses typified by splenomegaly are observed (Ehtisham et al., 1993) . This is of the characteristic Epstein-Barr virus (EBV) genes is present at this genomic locus although MHV-68 does have one gene encoding a membrane glycoprotein, gp150, which shows similarities to the major membrane glycoprotein of EBV. Our results further confirm that MHV-68 is a gammaherpesvirus marginally more closely related to a cluster of gammaherpesviruses including herpesvirus saimiri than to EBV. Northern analysis shows that the temporal regulation of expression is broadly similar to that of other herpesviruses in this region of the genome. We also show that like other gammaherpesviruses, MHV-68 splices its homologue of the EBV transcriptional activator gene BMRF1. reminiscent of infectious mononucleosis associated with Epstein-Barr virus (EBV) infection and like EBV these lymphoproliferative responses are controlled by CD8 + T cells (Ehtisham et al., 1993) . EBV will transform human B cells in culture and is associated with a variety of B cell lymphomas. Murine B cells can also be infected in vivo and in vitro by MHV-68 and around 10 % of mice develop lymphoproliferative disease 6 or more months post-infection . About half of these animals develop high grade lymphomas usually associated with mesenteric lymph nodes but also affecting lung, liver and kidney. Like EBV, cell lines can be established from these lymphomas which produce virus and contain viral genomes in a latent state (Usherwood et al., 1996) . Thus, there are many parallels between MHV-68 infection of mice and natural EBV infection of man and we were particularly interested in whether MHV-68 might be an appropriate model for EBV at the molecular level.
Previous reports have mapped the approximate locations of some MHV-68 genes and shown that the general genomic organization of MHV-68 is similar to that of other gamma-herpesviruses (Efstathiou et al., 1990 a, b) . A 4n5 kb fragment of MHV-68 which codes for the virus thymidine kinase and glycoprotein H genes and the glycoprotein B gene has also been sequenced Stewart et al., 1994) . This small amount of data gave only limited information ; hence, we decided to extend the sequence analysis of the MHV-68 viral genome and chose a region that was predicted to contain a number of genes unique to EBV and viruses that are its very close relatives. EBV genes in this region include the immediate early transactivator gene BZLF1, the BZLF2 gene encoding a glycoprotein that interacts with HLA Class II, the genes coding for the latent proteins EBNA1, EBNA3a, b and c, as well as the gene encoding gp340, the major membrane glycoprotein of EBV.
Although much can be inferred from sequence data it is preferable to also have evidence of expression of these genes and to be able to relate their temporal pattern of expression to the virus life-cycle. Consequently, we undertook a preliminary analysis of transcripts from this region by Northern blot analysis.
Methods
Virus and cell culture. Cells were cultured in DMEM (Gibco\BRL) containing 10 % foetal calf serum (Globepharm, Esher, UK). MHV-68 (clone g2.4) was grown in BHK-21 cells as described by and subsequently titred on C127 (murine epithelial) cells (ATCC CRL 1616). The herpesvirus DNA replication inhibitors phosphonoacetic acid (PAA ; Sigma) and acyclovir (ACV ; Wellcome) were used as indicated at a concentration of 100 µg\ml and 100 µM respectively. DNA cloning and sequencing. All cloning techniques were essentially as described by Sambrook et al. (1989) . Our strategy was to clone and sequence the BamHI fragments from a region corresponding to coordinates 78900-111784 in EBV (Baer et al., 1984) . Initially, we subcloned the largest HindIII-EcoRI A fragment (12n7 kb) from viral DNA into pUC13. This was further subcloned to give BamHI P # and BamHI K. HindIII-EcoRI A was also used to generate smaller plasmids with deletions that aided sequencing. These included clones lacking HindIII to BamHI, HindIII to BglII and EcoRI to BglII. BamHI P # and K were sequenced from a set of nested deletions on double-stranded DNA using Sequenase version 2.0 (US Biochemical). Synthetic oligonucleotides (synthesized in-house on an ABI 394 DNA\RNA synthesizer) were used to prime sequence reactions and resolve any ambiguities or gaps in the BamHI P # or BamHI K sequence. BamHI J was determined by a combination of random shotgun sequencing and directed primer walking (Bankier et al., 1987) . All other sequencing was performed using a Taq Dye Deoxy cycle sequencing kit (ABI) on an ABI 373A automated DNA sequence machine priming the reactions with synthetic oligonucleotides. Attempts to subclone BamHI Q or generate several deletions in HindIII-EcoRI A which leave BamHI Q failed for no apparent reason in spite of strenuous effort and we relied on PCR products from the HindIII-EcoRI A subclone for sequencing this region of the genome. BamHI N was obtained from the library generated by Stewart et al. (1994) . The library used to isolate BamHI J has also been described previously (Efstathiou et al., 1990 b) . Where putative contiguous restriction fragments were used the junctions were spanned either by using overlapping clones or by sequencing relevant PCR products generated from viral DNA. All sequence was obtained on both strands and most nucleotides were determined by several independent sequence reactions.
Computer analysis. The sequence data were assembled and analysed with the Genetics Computer Group Sequence Analysis Software (version 8) implemented on a MicroVAX 3100\90 computer (DEC). The databases used were GenBank (release 95.00), SWISS-PROT (release 33.00) and PROSITE (release 13.00)
Cloning of Mta homologue splice junction. Total RNA (1 µg) derived from MHV-68-infected C127 cells was first reverse-transcribed with Moloney murine leukaemia virus reverse transcriptase (Promega) and oligo(dT) "& as described by Sambrook et al. (1989) . The resulting cDNA was then subjected to PCR using the oligonucleotide primers 5h ATG CTC GAG TGT AGA GGA 3h (sense ; MTA1), which corresponds to the most 5h ATG present in BKRF2 (position 15900 ; see Fig. 2 ), and 5h GAG CTC GAA TTC CAG CTG (T) "& 3h, which primed synthesis from the 3h poly(A) tail. PCR amplification was performed using Taq DNA polymerase (Boehringer) for 35 cycles under the conditions 94 mC for 30 s, 45 mC for 1 min and 72 mC for 2 min. The resulting product was a 1n3 kbp cDNA. This product was then re-amplified using primers internal to the first set and cloned into pUC19 as follows. A portion (1 µl out of 100 µl) of the previous PCR reaction was subjected to PCR using the primers 5h GCT GGA TTC ATG GCA CAG CAG ATG TTG GA 3h (sense ; MTA2) and 5h TCG GAA TTC TAT CTC TAA GCA GAG GAG AG 3h (anti-sense ; MTA3) as shown diagrammatically in Fig. 2 . These primers correspond to positions 15960 and 16329 in the sequence and cross the potential splice sites. The sense primer contained a BamHI site and the antisense primer an EcoRI site (as indicated in bold type) to facilitate cloning. The PCR was performed for 25 cycles under the conditions 94 mC for 30 s, 53 mC for 1 min and 72 mC for 1 min. The resulting 300 bp product was then purified using Wizard PCR Prep columns (Promega), cut with BamHI and EcoRI, cloned between the BamHI and EcoRI sites of pUC19 and sequenced.
Northern (RNA) blot analysis. Cytoplasmic RNA was extracted from C127 cells as described by Rooney et al. (1992) . RNA (5 µg per track) was then electrophoresed through 1n2 % agarose gels containing formaldehyde and blotted onto nylon membranes (MagnaGraph, MSI) by capillary transfer as described by Sambrook et al. (1989) . Blots were hybridized and washed at high stringency according to the manufacturer's instructions and exposed to autoradiographic film (X-Omat AR ; Kodak). All probes were generated by PCR of genomic DNA and the position of the probes used for each individual open reading frame (ORF) is detailed in Table 1 . Double-stranded DNAs (25 ng) were radiolabelled using [α-$#P]dCTP (Amersham) and a random-primed DNA labelling kit (Boehringer) to a specific activity of 1i10* c.p.m.\µg. The same blot was used for each related gene block and the signal stripped from the blot inbetween individual hybridizations by treatment with distilled water at 100 mC. The removal of signal between hybridizations was confirmed by exposure to autoradiographic film. Molecular mass determinations were made by reference to a ladder of known RNAs (Gibco\BRL).
Results

DNA sequence analysis
We have determined the sequence of 20 766 bp of MHV-68 in a single multi-gene block. All sequence was obtained on both strands and most nucleotides were determined by several independent sequence reactions with an average 5-fold redundancy. The sequence has a GjC content of 44n1 %. The Davison (1993) and McGeoch et al. (1993) with additional data for BJLF2 from Patel & Maclean (1995) ]. Data for BNRF1 (Hardwick et al., 1988 ; Nicholas et al., 1991) and BKRF2\BKRF3 (Kiehl & Dorsky 1991 ; Li et al. 1987) are derived from homologous ORFs in EBV and HVS. Data for BPRF1 are experimental . Key : CAP, minor capsid component ; HEL\PRIM, component of the helicase-primase complex ; UNG, uracil-DNA glycosylase ; gL, glycoprotein L ; RTA, R transactivator ; gp150, product of BPRF1 ; dUT, deoxyuridine triphosphatase ; MTA, M transactivator ; POL, processivity subunit of DNA polymerase ; RR2 and RR1, small and large subunits of ribonucleotide reductase, respectively. † Co-ordinates are taken from the first base-pair of the BamHI recognition site at the left-hand end of the BamHI J fragment. ‡ Incomplete ORFs. § BKRF2 forms the 5h exon in a spliced transcript with BKRF3 to form the message for the homologue of the EBV M transactivator. R The designations of these ORFs are provisional pending further sequencing of the BamHI A fragment.
observed\expected CpG dinucleotide ratio is 0n31 indicating CpG suppression in this region of the genome. Potential protein-coding sequences were initially identified by searching for ATG-initiated ORFs containing more than 60 amino acid codons. General features of gene layout in other herpesvirus genomes were then used as additional indicators of authentic ORFs. These criteria along with the presence of typical transcriptional terminator elements and no more than 60 % overlap of genes allowed the list of ORFs shown in Table  1 to be derived. ORFs were designated according to the direction of translation based on the BamHI fragment in which the ORF starts. Thus, BJRF1 is the first rightward reading frame found in the BamHI J fragment of MHV-68 DNA. Detection of promoters was complicated by the AT-rich nature of the MHV sequence. Searching this 20 kb of MHV 68 with sequences thought to specify promoter elements in EBV (Farrell, 1993) gave over 130 matches making it difficult to assign promoters in MHV with any degree of confidence. Reducing the search to standard TATA elements (TATTAA, TATAAA and TATAAT) still gave 45 matches, some of which were at appropriate points upstream of ORFs. Table 1 shows the coordinates of the potential ORFs, the number of amino acids encoded and the predicted molecular mass of the derived protein. The functions assigned in the table are mostly derived from homologues in herpes simplex virus type 1 (HSV-1) with additional data from other sources (see legend to Table 1 ). Fig.  1 shows a diagrammatic representation of these ORFs.
The translated amino acid sequences were compared with the PROSITE dictionary of protein sites and patterns with the computer program Motifs. Three significant sequence motifs were identified among the predicted MHV proteins. These include : (i) an ATP-binding site in the putative helicase primase . Below this are shown the positions of the restriction fragments generated by digestion with BamHI, EcoRI and HindIII, named after with the addition of one extra BamHI fragment termed U which was discovered during sequencing. Below this the positions of the ORFs are shown by boxes with the arrowed end of the box denoting the direction of transcription. The ORFs are designated leftward (L) or rightward reading (R) with the initiating methionine contained within the indicated BamHI fragment. For example, the ORF at the left-hand end of our sequence is the second leftward reading ORF initiating in the BamHI J fragment and is designated BJLF2. The shading of the box denotes the temporal regulation of the expression as shown in the key. The position of consensus poly(A) signal sequences are shown by vertical arrows above the ORFs for the forward strand and below the ORFs for the reverse strand. A tentative map of the direction, size and position of the transcripts, as deduced from the data in Table 3 , is shown above and below the ORFs as horizontal arrows. Dotted lines on the transcripts indicate that the full extent of the transcripts could not be elucidated from analysis of the data.
protein, BJRF1 (this site is also present in all alpha-, beta and gammaherpesvirus homologues of the protein studied thus far ; (ii) a uracil-DNA glycosylase signature in BNLF4 ; (iii) a ribonucleotide reductase signature in BALF2.
Relationship to other herpesviruses
The translated sequence of each ORF was used to search GenBank and EMBL databases with the BLASTX and FastA algorithms. The results of these searches with the FastA scores and the percentage identity between putative homologues in HSV, human cytomegalovirus (CMV), Kaposihs sarcoma herpesvirus, KSHV (HHV-8), herpesvirus saimiri (HVS) and Epstein-Barr virus (EBV) are shown in Table 2 . All the putative ORFs except one (BPRF-1) have significant sequence and collinear positional homology to ORFs from HHV-8 and HVS. Homologues of all the genes were found in EBV including the gp150 glycoprotein gene (BPRF1), which is virion-associated, and a virus neutralizing determinant . This gene borders two blocks conserved among herpesviruses and these junctions tend to exhibit greater sequence divergence than intrablock regions among herpesviral genomes (Gompels et al., 1995) . In this position, reading in the same direction, in EBV (BLLF1-gp340\220 ; Baer et al., 1984) , bovine herpesvirus type 4 (BHV-4) (BORFD1 ; Lamonte et al., 1995) , HVS (ORF51 ; Albrecht et al., 1992) , equine herpesvirus type 2 (EHV-2) (ORF51 ; Telford et al., 1995) and HHV-8 (K8 ; Russo et al., 1996) there are proline-, serine-and threonine-rich potential glycoproteins.
In many cases higher FastA scores were obtained when comparing MHV-68 with HVS and EHV-2 than were obtained when comparing MHV-68 with EBV. However, these scores were generally only marginally higher and in several cases, e.g. BKLF1, the converse was true. The presence of several genes unique to gammaherpesviruses, e.g. BNRF1 and BQLF1, as well as the FastA scores, place MHV-68 in the gammaherpesvirus subfamily. Inspection of the sequence revealed the fact that none of the genes unique to EBV and its close relatives which might be anticipated to be found at this genomic locus was present. These include the EBV immediate early transactivator gene BZLF1, the BZLF2 gene that interacts with HLA Class II and the latent genes EBNA1, EBNA3a, b and c. Added momentum has been given to the study of gammaherpesviruses by the recent discovery of HHV-8, the AIDS-associated Kaposihs sarcoma herpesvirus (Chang et al., 1994) . Bootstrap analysis of a set of HHV-8 genes showed that it belongs to the γ # sublineage of the herpesvirus family . We were interested to compare MHV-68 with HHV-8 and have also sequenced the minor capsid protein equivalent to the EBV BDLF1 gene (deposited with the EMBL database as Y09126). This ORF was the first gene to be sequenced in HHV-8 (Chang et al., 1994) and FastA scores using the MHV sequence indicate that the MHV-68 gene is roughly equidistant from all the other gammaherpesvirus genes so far sequenced, including the HHV-8 gene. This also holds true for other HHV-8 genes (Russo et al., 1996) when compared using the FastA algorithm (Table 2) .
Preliminary transcriptional analysis of the sequenced region
A preliminary analysis of transcriptional expression was performed by Northern blotting using RNA extracted from MHV-68-infected C127 (murine epithelial) cells. Northern blots were hybridized with PCR-derived probes specific for each individual ORF (Table 3 ). The same Northern blot was used for each gene block which allowed direct comparison of transcripts crossing individual regions. This was achieved by stripping off one probe and re-hybridizing the blot. The temporal regulation of gene expression was monitored by sampling RNA at various time-points post-infection as well as by blocking late gene expression with the herpesvirus DNA replication inhibitors PAA and ACV.
The size and temporal expression of the major mRNAs crossing each ORF are detailed in Table 3 . Occasionally, higher molecular mass mRNAs spanning multiple genes were detected but these were only present at very low levels. Fig. 1 shows a tentative diagrammatic interpretation of the Northern data (Table 3 ) with the positions of the ORFs and the probable relative positions of the mRNA species crossing them. The 3h extent of the messages is based upon the positions of the consensus poly(A) signal sequences and the 5h extent on the length of the observed transcript and the positions of the probes that detected the transcript. The exception to this is the gp150 gene (BPRF1) for which the 3h end has been mapped by cDNA cloning and sequencing . A more definitive transcript map would require single-strand probes and S1 nuclease protection data. However, our Northern data Table 3 . Summary of transcripts detected in the sequenced region
The coordinates of the MHV-68 ORFs indicated are listed along with the coordinates of the labelled probes used in the Northern blots. A summary of the major transcripts detected is listed along with whether they are early (E) or late (L) messages. along with the sequence information provide to a first approximation a useful working transcript map for this area of the MHV-68 genome. In several instances the data could be interpreted in alternative ways and still be consistent. For example the 2n9 kb early message shown as running from within BALF2 to a common terminus after BALF4 could alternatively run from immediately 5h of RR2 to the poly(A) site within BALF4 and thus have a 3h end in common with the 1n7 kb early message of BALF3. In the few cases of ambiguity the arrangement shown was chosen to reflect the arrangement proposed for EBV (Farrell, 1993) .
Based upon size and consensus poly(A) signal sequences, most transcripts could be mapped to specific regions. However, the transcript crossing BNLF1 could not. This ORF did not have a consensus poly(A) signal sequence immediately downstream of it, suggesting that the transcript terminated downstream. However, the transcripts crossing BNLF1 were neither detected by probes specific for the gene block downstream [BNLF3 (gL), BNLF4 (UNG) and BJLF1 ; see Fig. 1 ] nor the gene upstream [BNRF1 (Rta)]. In addition, the 1n4 kb transcript observed for BNLF2 was of insufficient length to be detected by the probe for BNLF1 and thus the 1n4 kb transcript crossing BNLF1 is probably distinct. We were therefore unable to map the transcript crossing this ORF and suggest that it may be a spliced form.
The Mta homologue is encoded by a spliced mRNA
The gene encoding the M transactivator (EB2) in EBV is spliced with an extremely short 5h exon, followed by a short intron and a long 3h exon. We therefore wished to see whether this was the case with the homologous gene in MHV-68. As shown in Fig. 2 , MHV-68 contains a long ORF (BKRF3) with amino acid sequence homology to Mta. However, BKRF3 had no ATG for translational initiation. Upstream of this was a short ORF (BKRF2) which overlapped BKRF1 and which contained an ATG for potential translational initiation. To show that BKRF2 was the 5h exon of a spliced transcript we generated a cDNA by RT-PCR using primer MTA1 (see Fig. 2 ), which spans the potential initiator ATG, and a primer containing oligo(dT). A 1n3 kbp product was generated indicating that the transcript was a combination of BKRF2 and BKRF3 and that it extended upstream past the first ATG of BKRF2. To investigate any potential splicing, a portion of this product was then reamplified using primers MTA2 and MTA3, cloned and sequenced as described in Methods. The sequence revealed that the transcript was spliced with the region corresponding to nucleotides 16009-16098 being removed. This is repre- sented diagrammatically along with the sequence of the splice donors and acceptors in Fig. 2 .
Thus, the gene encoding the Mta homologue of MHV-68 is like that of both EBV and HVS and is composed of two exons.
Discussion
The GjC content of herpesviruses varies from 75 % in pseudorabies virus to 32 % in canine herpesvirus (Re! mond et al., 1996) with the gammaherpesviruses being spread across this range. The region of MHV-68 that we have sequenced is 44n1% GjC and the equivalent regions in EBV, EHV-2 and HVS are 56n0, 56n4 and 34n7% GjC respectively. All of these gammaherpesvirus sequences have a decreased representation of the dinucleotide CpG. The observed\expected ratio for CpG in this region was 0n31 for MHV, 0n64 for EBV, 0n71 for EHV-2 and 0n21 for HVS. It has been proposed that suppression of CpG and consequent reduced methylation reflects coreplication of latent genomes in actively dividing host cells (Honess et al., 1989) . Interestingly, the sequence of a 20 kb region of the recently discovered gammaherpesvirus HHV-8 does not contain CpG suppression , indicating that CpG suppression is not common to all gammaherpesviruses.
A total of 17 complete ORFs, one of which is spliced (BKRF2jBKRF3) and two incomplete ORFs (BALF1 and BJLF2) were identified and used to estimate the relationship of MHV-68 to other herpesviruses. Despite sophisticated phylogenetic analysis, McGeoch et al. (1995) found that it was not possible to distinguish fine details of relationships within sublineages when only a few genes were analysed, although EBV could always be distinguished. Our data derived from the relatively simple FastA algorithm give very similar conclusions. MHV-68 is marginally closer to EHV-2 and HVS than to EBV and EBV is similarly distant from MHV-68, EHV-2 and HVS. Inclusion of our sequences for BJLF2, BJRF1 and BALF2 (the most highly conserved genes we have sequenced) in a more detailed phylogenetic analysis may allow the details of relationships between MHV-68 and other gammaherpesviruses to be resolved.
From the standpoint of using MHV-68 as a model for EBV it was rather disappointing to find that MHV-68 had none of the EBV unique genes at this locus (except possibly gp150). These EBV genes include some involved in entry of the virus into cells (gp340, BZLF2), an immediate early transactivator involved in reactivation from latency (BZLF1) and several latent genes expressed in lymphoid lines and involved in establishment of transformed B cells (EBNA1, 3a, c). Thus, while MHV-68 might be a useful model for the study of the pathogenesis and immune response to a gammaherpesvirus, it is likely not to be as useful in the analysis of the fine detail of latency, reactivation or transformation by EBV. This was probably to be expected as phylogenetic analysis has suggested that co-speciation of herpesviruses and hosts has occurred. The implication of this is that the best models for certain aspects of EBV biology and molecular virology are likely to be the more closely related animal viruses such as herpesvirus papio or herpesvirus pan.
We have determined the transcriptional expression across the region of MHV-68 DNA which was sequenced and have classified the temporal regulation of the genes. Most work on expression of gammaherpesvirus genes has been performed with EBV and the temporal regulation of MHV-68 genes is broadly similar to the homologous genes in EBV. The exceptions are BJLF2 (minor capsid), which is early in MHV-68 but late in EBV, and BJLF1, which is late in MHV-68 but early in EBV. These differences may reflect a true difference in temporal regulation between the two viruses or alternatively may represent a difference in regulation of certain genes between expression in acute lytic infection (MHV-68) and in reactivation from latency (EBV). We have also found transcripts for two genes for which none has been observed in EBV. These are BQRF1 (dUTPase) and BKRF1 (helicase-primase). Both are early transcripts, consistent with their functions as enzymes.
MHV-68 will continue to receive much attention as it provides a unique opportunity to study the interaction of a gammaherpesvirus with its natural host and our sequence and preliminary transcriptional map of this region of MHV 68 will facilitate studies on the molecular biology, immunology and pathogenesis of the virus.
